The shape-memory effect of shape-memory alloy (SMA) and the character of the super elasticity are common and effective in today's usage. This paper advances these characteristics by discussing the research of an intelligent composite which functions in a wide-ranging ambient conditions TiNi type SMA fiber was used in the experiment and the embedded test piece was used in a polymer matrix. The influence factor of the actuator function by the shape-memory effect was evaluated in real-time by measuring the length change of the test piece during electric resistance heating. Using composite materials with the electric heating method resulted in a quantitative understanding of the primary factor influencing the shape recovery force. It has been understood that the shape recovery force is greatly influenced by the ambient temperature to which the composite material is applied, and this paper describes detailed information for the best composite materials and their condition characteristic mechanical control by the electric heating.
Introduction
The characteristic of the shape-memory effect and the super elasticity occurs in shape-memory alloy (SMA) before and after the phase transformation temperature. This peculiar characteristic is of considerable interest, and much work has been done to develop this basic characteristic of the material into a manufactured product. For instance, it is used for the thermostat mixture plughole (a thermal actuator), the antenna of the cellular phone, the guide wire for medical, etc; these are examples of representative applications, and show the basic characteristic of the overall material. 1, 2) In addition, there are advanced applications of the SMA fiber [3] [4] [5] such as the stress-induced martensite transformation and the phase transformation analysis by the electric resistance heating, etc, and, application development is expected involving intelligent materials with sensor and actuator functions utilizing SMA's shape-memory effect and its super elasticitycharacteristic. 6, 7) This paper deals with examination of both a reinforced composite material, which is an embedded polymer matrix, and a material laminated in the SMA fiber. [8] [9] [10] [11] [12] We also propose using the SMA fiber of the TiNi type by using the embedded composite in epoxy or polycarbonate. The resulting effect has been confirmed by using the shape recovery force of the SMA phase transformation generated by heating of the compressive stress involving the crack closure effect, the effect for crack progress control, and the vibration control, etc. [13] [14] [15] [16] [17] It is interesting to note that, the composite is heated by the rise of the surrounding ambient temperature, and when the reverse transformation temperature of the parent phase is exceeded, the intelligent effect of the SMA fiber reinforced composite is automatically demonstrated. However, it is proposed that an intelligent function in the state below the reverse transformation temperature is missed, and the excessive stress etc. transmitted to the composite is detected as a signal (such as acoustic emission (AE)) and the system which feeds back to the electric resistance heating control. 18) However, achievement of this phenomenon is strongly desired for these systems, even though there are a lot of problems, because special phonons sensors etc. are needed and the regulating system becomes complex. 19) It is proposed that embedding a self-sensing mechanism in the reinforced SMA fiber could avoid adding individual sensors for detecting excessive stress. 20) Moreover, the thermal stress generated by the thermal expansion difference between the SMA fiber and the polymer matrix decreases the tensile stress field in the matrix by generating a compressive stress in the matrix which results in a decrease in the mechanical characteristic because of the heating of the matrix polymers on the high temperature side. On the other hand, the thermal stress on the low temperature side becomes a tensile stress which is a more severe condition than the high temperature side. It is therefore important that intelligent composite development corresponding to wideranging system requirements to address the issue of how to control the increase of the tensile stress field in the low temperature environment. Controlling the mechanical characteristics along with monitoring the excessive stress that could appear in addition to the increase of the low temperature stress field is crucial for avoiding possible failure of the material since the stress. The electric heating method is suitable for such a dynamic control. However, thus far, a thorough examination was not performed about the factor which influenced the shape recovery force which formed the intelligent composite materials by the electric heating. This research is a detailed evaluation of the shape recovery force influence factor by measuring in real time the test piece displacement when the SMA fiber of the TiNi fiber reinforced composite materials test piece is heated by a step electric current.
Experimental Method

Characteristic of SMA
The phase transformation point of TiNi type SMA used for this research was measured by DSC (Shimadzu DSC-60) and is shown in Table 1 . The phase transformation temperature is changed to three types (referred to as Type-A, B, and C in the text below) by the alloy composition and heat-treatment. Straight shape memory heat-treatment of Type-A and Type-B are both 470 C-2 min water-cooled, but the heat-treatment condition for type-C is 600 C-2 min even though Type-B and Type-C are the same composition. The phase transformation point of Type-A is 40-50 C, room temperature for Type-B, and in the minus temperature region for Type-C. Figure 1 shows that the repetitious tensile test results at 20 C. Type-A has the shape-memory effect in martensite phase (M). Also, the state of the plastic strain of several percentages recovers to former shape when heating it higher than the reverse-transformation temperature (A s ). Moreover, a large shape recovery force is generated if it is heated with the deformation fixed. Type-C is in the state of the parent phase (The austenite phase: A) and has the characteristic of super-elasticity, and it returns to its former shape after the load is removed even after a increase in the strain of several percentages. The shape recovery force is not expected for Type-C material since it has already been in the state of parent phase and is not able to exert the shape recovery force. Type-B has an intermediate characteristic of Type-A and Type-C, and the state of a low strain forms the stress induced martensite, and generates a large shape recovery force similar to Type-A when heated. All types of SMA are expected to transform into the martensite phase at À100 C and show the shape-memory effect in the wire of Type-A, B, and C SMA. Moreover, each SMA transforms into the parent phase at 80 C, and it has super elastic tensile properties. The Slope in Fig. 1 increases from the initial stage corresponding to the modulus of elasticity and Type-B and C are 2.5 times higher at room temperature. The outside diameter of the fiber is 0.4 mm.
The layer where the solid lubricant is used in the manufacturing process is thin, and remains on the surface of SMA in a usual state of the surface as forged. The surface has scratch in the long axis, and a wrinkled crack is shown in the SEM image of Fig. 2 . It is expected that such a surface contributes to the fixed strength improvement of the embedded situation in the polymer resin. The problem has not been found in this research though the wrinkled crack has the possibility of becoming the starting point of fatigue crack generation. Figure 3 shows the dimensions of the test piece. The matrix is a polycarbonate (PC). There are three kinds of embedded numbers of the SMA fiber 1, 3, and 7, and it is embedded in the center part of thickness at equal intervals. The embedded fixation strength of SMA has the average value of 1.2 MPa level in pulling out shear strength.
Production and specification of test piece.
The SMA was molded and embedded in a plastic polymer matrix under pre-strained conditions having values of 0, 0.3, and 0.06; then, a test piece name was applied corresponding Table 1 Phase transformation temperature of SMA used in the experiment. 10 m µ to the three parameters, namely of the type of SMA, the embedded number, and the pre-strain. For example, the test piece name for Type-A embedded number 7 and pre-strain 0.06 is named A76. Additionally, X was used when there was a parameter value which could not be specified. Furthermore, because of the pre-strain on the SMA during the heating process, it could be possible for the SMA to accidentally memorize the shape when it was set in the molding die. Figure 4 shows the change measured in the length of a 100 mm line marked on the SMA surface. The PC is not molded for the measurement. In process 1, pre-strain is 0 in each SMA while set in the molding tool. Process 2 shows the strain of each SMA when the length between SMA clamping is enlarged with a special jig resulting in a corresponding strain of 0.06. The deformation starts from the clamping part in Type-C, and enough strain cannot be delivered at the normal temperature of 25 C in the main part of SMA. However, the strain of about 0.06 can be delivered by cooling the molding tool to À45
C. This is a result of returning to the normal temperature in process 3 after it heats it to 195 C-20 min of the hot press molding temperature and then measuring the strain. There are no big changes in Type-A and B, but in Type-C, the decrease in the strain is seen. Each SMA is removed from the molding tool in process 4 and the tension is released. It can be expected that the state of process 4 is maintained at a 0.06 strain in the molded test piece which corresponds to that of the SMA embedded under the matrix material. That is, Type-A deforms plasticity at $0:06 strain and the elastic strain remaining in the test piece is small. On the other hand, Type-B almost returns to its former length in super-elasticity by the load release, and, this elastic deformation is maintained in the same state as that of the SMA embedded under the test piece and existing in the state of the tensile stress. The heating in process 3 affects the shape memory heat-treatment for Type-C, and the strain change by the load release is small. Process 5 is the amount of deformation measured at the normal temperature after the SMA fiber is soaked in water at 95 C. Two types of SMA, Type-A and Type-B are expected to return to their former shape due to the effect of the shape recovery force. In addition, the experiment showed that the test piece was within the dimensions of the die cavity when it was molded, but shrunk when it was removed from the molding die due to the effect of heat contraction; this shrinkage resulting from heat contraction could work against the effect of the prestrain which was imparted to the SMA before the molding began. However, the amount of the SMA enlargement when the pre-strain is 0.03 and 0.06 is considerably larger than the shrinkage value of the test piece ($0:5 mm shrinkage for 130 mm length) by the mold. Both The plastic strain and elastic strain remains stable in the test piece which uses Type-A and Type-B SMA, as explained above.
Experimental apparatus
The experimental apparatus used for this research is a single axis tensile test machine which has the thermostatic bath in the center. Moreover, the data sampling system and computers to record the load, displacement, and the temperature, etc. accompany the apparatus. A tensile load of about 1000 N can be applied to the test piece with the lever mechanism. As 30 mm at both ends of the test piece were used for chucking, the effective length of the test piece used for testing is 70 mm. The thermostatic bath can cool and heat from 90 C down to À50 C. Moreover, a photoelastic fringe pattern can be observed by arranging the optical system located behind the observation window in the center section of the thermostatic bath. A DC electric power supply with 5 A capacity was used for the resistance heater. The voltage at the terminal of the branch resistance arranged on the current road was synchronously recorded with the test piece displacement data and it was assumed the marker at the electric heating ON-OFF time. The temperature of the surface of the test piece was measured using a T type thermo-couple.
Experimental conditions
The electric resistance heating measurement was done while the test piece was in under of a tensile stress load of 6 MPa. The main reason is to decrease mechanical play of the tensile test machine and to correspond to a highly accurate displacement measurement. The SMA that deformed while in the state of the martensite phase started returning to its shape before it deformed by generating a shape recovery force if it is heated more than the reverse transformation temperature by the electric resistance heating. If it is a tensile field, it shrinks by generating a compressive stress. Figure 5 is the displacement and surface temperature measured as a result of changing the heating time of the electric current of 2.5 A from 1 to 30 s in the A76 test piece. Because most impedances of this test piece are simple DC resistance loads of about 10 , the electric current instantaneously increases when the switch in the ON position. But after 3-5 s of current, the shrinkage of the test piece by the shape recovery force generation reaches its maximum value. Afterwards, the PC side expands while being heated and the resulting displacement rises straight along one displacement line. When the 
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K. Yamashita and A. Shimamoto current is turned OFF, it begins shrinking though air cooling even though there is a delay for a few seconds because of the speed of the heat transfer. The surface temperature of the test piece passes from current-ON about 10 s and shifts to the rise. As shown in Fig. 6 , extending the heating time to 5 seconds does not increase the shrinkage as the maximum shrinkage is formed in $20 s. However, 5 s was selected as the standard heating time, as that time insures at least 95% of the maximum shrinkage thereby suppressing the heating of the test piece as much as possible. Highest surface temperature T max in the actual experiment rises linear at the rate of 1 C/s. The electric heating time was repeated at least three times for 5 s ON!5 s OFF for the following measurements. The amount of shrinkage generated by the shape recovery force due to the electric heating is expressed as S/mm, and the entire displacement including the thermal expansion is expressed by D/mm. Four conditions (three kinds of embedded SMA, pre-strains, electric current values, and the test environment temperatures) were used as evaluation parameters. All the experiments were conducted such that the test piece in the thermostatic bath was maintained at a constant temperature.
Experiment Result and Discussion
3.1 Influence of the embedded number and pre-strain of SMA The shape recovery force influence factor was evaluated by measuring the displacement of the length of the test piece resulting from the electric resistance heating. Figure 7 is the displacement measurement result in the test piece of prestrain 0.06 with the test environment of 20 C when the ON-OFF cycle is repeated three times for the electric current of DC2A. The dotted line of a rectangular wave-like line indicates the electric current. It shrinks in test pieces AX6 and BX6 because of the shape recovery force generated by the electric resistance heating, and B which has $30 mm shrinkage, is larger than A. Displacement grows in proportion to the embedded number. The entire test piece is heated by repeating the electric resistance heating, resulting in thermal expansion, and an increase in the displacement curve. Moreover, the amount of shrinkage by the electric resistance heating shows some tendencies to increase by repetitive applications of the electric resistance heating. About 3-5 s is necessary to reach the maximum shrinkage when the electric resistance heating commences. It is not a rapid shrinkage response because of the slow heat response.
Since only a little strain remained in the embedded test piece, CX6, the shape recovery force is not generated by the electric heating; this was shown by the strain change in the test piece production process described in section 2.2 and by the fact that the shape recovery force exists almost in the state of the parent phase with only thermal expansion observed. Consequently, the experiment result concerning Type-C is omitted hereafter in this paper.
The SMA embedded number and the effect of pre-strain is summarized in Figs. 8(a) (b) and the amount of shrinkage is read from the displacement curve and the mean value is shown. From 2 to 3 mm is appropriate for the embedded pitch though shrinkage appears directly proportional to the embedded number. As seen in Fig. 8(b) , no shape recovery force was observed without pre-straining. Appropriate amounts of the pre-strain are from 0.03 to 0.06. Such quantitative information of the embedded number and prestrain of SMA is useful for the compound material design.
Influence of environmental temperature and electric
current value Joule heat generation of SMA by the electric heating and the thermal conduction in the matrix resin greatly influence the phase transformation phenomenon of SMA. Also, the effect of the shape recovery force is greatly influenced by both the applied ambient temperature and electric current. The surface temperature of the test piece was changed in the thermostatic bath and the displacement was measured while changing the electric current. Figures 9(a) (b) shows the displacement curve of A76 and B76 at temperatures of À40 C, 20 C and 80 C. In the state of the tensile stress of 6 MPa, the electric current of 2.5 A was repeated five times. In A76, the shape recovery force is not generated at the low temperature environment of À40 C, as only the thermal expansion occurs, and the amount of shrinkage is the largest at 20 C. However, shrinkage by the shape recovery force is generated at each temperature from À40 to 80 C in B76, and, the change in the amount of shrinkage decreases when repeating the electric heating at 20 C and increases at À40 C. Figure 10 shows the relationship between the amount of shrinkage at each temperature and the frequency of the electric heating. B76 was greatly changed though A76 was comparatively steady compared with the repetition of the electric heating. Such a result shows a strong relationship between the phase transformation temperature and the temperature of the SMA test piece.
The test piece surface temperature and the electric current value were changed more in detail, and then the displacement curve by the electric heating was measured repeatedly five times to obtain the mean value of the amount of shrinkage. Figures 11(a) (b) shows the result. Both A76 and B76 curves peak at the high and low temperatures sides resulting in shrinkage decreasing in these areas as well. Moreover, the electric heating results in the shape recovery ability region extending considerably wider than the phase transformation regions. But the amount of shrinkage on the high temperature side decreases by transformation of the parent phase as it approaches completion. Then, it is clear with the result of the previous experiment that the shape recovery force will automatically appear through phase transition without heating when the test piece is placed under the ambient higher than the phase transition temperature.
There is a tendency to shift to the low temperature side as the current value increases though the peak of shrinkage, but the current value is small on the high temperature side resulting from the phase transformation end temperature, (A f ). B76 has a clear peak in the phase transformation region. A76 maintains a comparatively high shape recovery force on the high temperature side corresponding to the phase transformation temperature of SMA, while the depression of the phase recovery force of B76 on the low temperature side is smaller than A76. Since the SMA is buried in the PC matrix, the phase transition in the low temperature environment is due mostly to heat dissipation into the matrix; consequently, there is insufficient heating, and the total amount of shrinkage seems to decrease. It becomes excessive heating when the current values increases up to 3 A and the peak value of shrinkage decreases. The best current value in the SMA of 0.4 mm diameter used in this experiment is from 2 to 2.5 A.
Important information can be obtained from this graph about the shape recovery force application ambient temperature by the electric heating of TiNi reinforced composite materials: the shape recovery force caused by the constant current value of the electric heating by has a peak value at the applied ambient temperature, but it is not a constant value in a wide application ambient temperature region from a high temperature to a low temperature. It should be especially noted that the purpose of this research is concerned with the application temperature, and that a method such as increasing the electric heating current value is necessary for the shape recovery force control expansion in the low temperature area.
Continuous electric resistance heating
The displacement change in the electric resistance heating of 60 sec was measured because there was practically a continuous electric resistance heating. Figure 12(a) shows the measurement result of A76 at 23 C. At first, about 20 mm shrinkage is caused by the electric resistance heating beginning at point A. However, it shifts to a thermal expansion in a few seconds, and it keeps increasing with the passage of the heating time until the amount of the displacement change reaches about 200 mm at 60 seconds at point B. Then, at point B, when the electric current is turned OFF, It shifts to a rapid thermal expansion, and a 30 mm displacement increase is observed. The shape recovery force is maintained even if the thermal expansion results from the electric resistance heating, and shows that the thermal expansion is controlled. After shrinkage by the shape recovery force, it shifts to the thermal expansion when heating again commencing with point C. After a rapid $30 mm expansion, it shifts to shrinkage by air cooling with the current OFF at point D. The surface temperature of the test piece rises from 40 C at point A (the nominal temperature is 23 C) to 63 C at point D only by twice turning ON the electric resistance heating with an electric current value of 2 A in 60 s. It follows that a limitation of the heating time or a compulsory cooling is necessary in continuous electric resistance heating. As the results of these continuous heating tests indicate, no shape recovery force was found during electric heating at À40 C, and the rapid increase of the expansion was observed at points B and D after heating of the SMA over the transition temperature until the electric current was switched off after 60 seconds. These phenomena support the fact that the shrinkage by the shape recovery force is observed though the shifting of the shrinkage curve to the higher temperature side as shown in Fig. 11 . Moreover, it was found, through the other experiment, that a rapid change of displacement disappears completely at points A and B, leaving only a simple expansion since there was no shape recovery force generated after the completion of the phase transition at 80 C. The amount of displacement, which can be generated in the above-mentioned experiment, resulting from the electric heating is from 20 to 30 mm corresponding to a compressive stress of 1 to 1.5 MPA. The shape recovery force predicts this value based on the tensile test result of the composite test piece.
Conclusions
The TiNi shape-memory alloy fiber reinforced composite materials were made, the influence factor of the shape recovery force generated by the electric heating method was evaluated, and the following conclusions obtained.
(1) Intelligent composite materials which generate the shape recovery force by the electric heating can be made by using Type-A and Type-B SMA.
(2) The shape recovery force increases in proportion to the embedded number of the SMA fiber.
The optimum pre-strain is between from 0.03 to 0.06. (4) An electric current of 2 to 2.5 A is appropriate for SMA of 0.4 mm diameter.
(5) The shape recovery force generated by the electric heating has a peak at the applied ambient temperature, and also decreases both on the high temperature low temperature side. The generation ability of this shape recovery force shows that the actual transition temperature varies much more over the range observed from the DSC measurement. (6) It is necessary to control the electric current value corresponding to the application ambient temperature to form a steady shape recovery force in a wide-ranging temperature region.
(7) Even if the shape recovery force cannot form in the first stage of electric heating with the low ambient temperature, the generation of the shape recovery force can be promoted by continuous electric heating.
